Interplay of magnetism, Fermi surface reconstructions, and hidden-order in the 

heavy- fermion material URu 2 Si2 
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URu2Si2 is surely one of the most mysterious of the heavy-fermion compounds. Despite more 
than twenty years of experimental and theoretical works, the order parameter of the transition at 
To = 17.5 K is still unknown. The state below To remains called "hidden-order phase" and the 
stakes are still to identify the energy scales driving the system to this phase. We present new mag- 
netoresistivity and magnetization measurements performed on very-high-quality single crystals in 
pulsed magnetic fields up to 60 T. We show that the transition to the hidden-order state in URu2Si2 
is initially driven by a high-temperature crossover at around 40-50 K, which is a fingerprint of inter- 
site electronic correlations. In a magnetic field H applied along the easy-axis c, the vanishing of this 
high-temperature scale precedes the polarization of the magnetic moments, as well as it drives the 
destabilization of the hidden-order phase. Strongly impurity-dependent magnetoresistivity confirms 
that the Fermi surface is reconstructed below To and is strongly modified in a high magnetic field 
applied along c, i.e. at a sufficiently-high magnetic polarization. The possibility of a sharp crossover 
in the hidden-order state controlled by a field- induced change of the Fermi surface is pointed out. 

PACS numbers: 71.27.+a, 75.20.Hr, 75.30.-m, 75.30.Kz 



INTRODUCTION 



Heavy-fermion physics is governed by the Kondo ef- 
fect, which is a hybridization of /- and conduction elec- 
trons due to the closeness of the /-energy level to the 
Fermi energy^— In Ce-based systems, /-electrons mag- 
netic properties are driven by RKKY interactions and arc 
very sensitive to pressure and chemical doping, which 
permit to tune a quantum phase transition between a 
paramagnetic regime and a (generally antiferro-) mag- 
netic stated In particular for the paramagnetic regime, 
a Fermi liquid picture is often adequate at low temper- 
ature and strongly-renormalizcd effective masses are re- 
lated to intense magnetic fluctuations. For Ce 3+ and 
Yb 3+ Kramers ions, the crystal-field ground state is ei- 
ther a magnetic doublet or a quartet. Valence fluctu- 
ations occur between the magnetic trivalent state and 
empty Ce 4+ or fully-occupied Yb 2+ 4/ shells, these fluc- 
tuations being stronger when the Kondo temperature is 
bigger. In U-based compounds, valence fluctuations be- 
tween the U 3+ (5/ 3 ) and U 4+ (5/ 2 ) configurations, which 
both have a large angular momentum, are reported^ 
When a renormalization to the U 4+ state (5/ 2 configu- 
ration) is appropriate, exotic properties can occur due 
to the possibility to also form a singlet ground state 
through the action of the crystal field. This can favor 
multipolar coupling as in Pr 3+ -based systems^ also in 
/ 2 configuration. URu2Si2 occupies a particular place in 
the heavy-fermion family^: a second-order phase tran- 
sition at the temperature To = 17.5 K is reported by 



many experimental probes but, despite numerous propo- 
sitions, no order parameter has been conscnsually asso- 
ciated to the phase below To, which is called "hidden- 
order" phase. The magnetic properties of URu2Si2 are 
that of a paramagnet in a mixed- valent state with strong 
inter-site correlations and presumably damped crystal- 
field effects. Enhanced magnetic fluctuations have been 
reported by inelastic neutron scattering at the wavevec- 
tors Qi = (1.4,0,0) and Q = (1,0,0) 0. Under pres- 
sure, antiferromagnetic long-range ordering is stabilized 
above 0.5 GPa within the wavevector On, the ordered 
moments reaching 0.4 /is/U at 1 GPa Q. A magnetic 
field along the easy magnetic axis c (at low tempera- 
ture) modifies the hidden-order phase and replaces it 
through a cascade of three first-order transitions by a 
polarized paramagnetic regime above 39 T [Toj . The 
polarized magnetic moment reaches 1.5 ^ts/U at 45 T 
and continues to increase significantly at higher field^ 
showing that the polarization is not complete and that 
heavy quasi-particlcs still remain. At low temperature, 
URu2Si2 is known as a compensated metal. When enter- 
ing the "hidden-order" phase below To, a sudden change 
of the Fermi surface properties has been reported with: 
i) a decrease by a factor 10 of the density of holes/U 
(Hall effec t 12 ' 13 ) and of the density of electrons /U (ther- 
moelectric power and heat capacity^), ii) the crossing 
of the Fermi level by a low-energy quasi-particle band 
at To (angle-resolved-photoemission spectroscopy^ - see 
also Ref. [ldfT^ ). and iii) a strong increase of the carrier 
mobility (Nernst effect^). No significant change of the 
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Fermi surface has been seen in the pressure-induced an- 
tiferromagnetic stated, while successive modifications of 
the Fermi surface were observed when a magnetic field is 
applied along c (l9l - [2l| . i.e., when substantial magnetic 
polarization is induced by the magnetic field. The in- 
terplay between the hidden order and the Fermi surface 
is illustrated by their field-induced variations driven by 
magnetic polarization effects. 

We have performed a systematic investigation of 
the magnetic and electronic properties of high-purity 
URu2Si2 single crystals in intense magnetic fields H up to 
60 T. Resistivity and magnetization measurements have 
been carried out with H along the main crystallographic 
axes a and c. The magnetic field - temperature (H ,T) 
phase diagram, for H || c, was studied for the first time 
in both extended temperature (up to 80 K) and mag- 
netic field (up to 60 T) scales. It indicates that that 
the critical area [35 T-39 T] is initiated by the vanish- 
ing of a crossover temperature, which reaches 40-50 K at 
zero-field. It is demonstrated that this crossover, which 
probably results from inter-site correlations, is a precur- 
sor of the hidden-order phase - this constitutes a new step 
for the future understanding of hidden-order in URu2Si2. 
For the first time, magnetoresistivity experiments have 
been performed up to 60 T within a wide range of trans- 
verse and longitudinal configurations, for a magnetic field 
applied along a and c, and by comparing samples of dif- 
ferent purities. The characterization of the orbital effect 
in the magnetoresistivity shows that the Fermi surface 
is modified at To and in a high magnetic field applied 
along c. The possibility of a field-induced change of 
the Fermi surface inside the hidden-order phase is em- 
phasized. The carrier mobility is enhanced below the 
" hidden-order" temperature To and decreases close to the 
high-field polarized regime. In particular for the hidden- 
order phase, /-electrons behavior is intimately connected 
to the properties of the Fermi surface. This underlines 
the dual localized-itinerant nature of the 5/ electrons. 



2. EXPERIMENTAL DETAILS 

The URu2Si2 single crystals studied here have been 
grown by the Czochralski method in a tetra-arc fur- 
nace. Resistivity measurements were carried out within 
the four-point technique on three samples : samples 
jjl and |)2 with U, I || a and the transverse configura- 
tions (H || c; U,I _L H) and (H || a; U,I _L H), 
and sample |)3 with U,I || c and the longitudinal con- 
figuration (H || c; U,I || H), where U and / arc 
the voltage and current, H is the magnetic field, and 
a and c are the hard and easy magnetic axes, respec- 
tively. Samples j)l and )J2 had residual resistivity ratios 
RRR = p-MOO K)/p x>x (2 K) = 90 and 225, respec- 
tively (cf. [22( for a careful investigation of the sample- 
dependence in the electronic properties of URu2Si2 single 
crystals) , while sample j)3 had a residual resistivity ratio 
RRR = p 2 , z (300 K)/p z z (2 K) = 85. Zero-field resistiv- 



ity was measured using the lock-in technique with exci- 
tation frequencies of about 17-200 Hz. High-field mag- 
netoresistivity was measured using a digital lock-in (de- 
veloped at the LNCMI by E. Haanappel) with excita- 
tion frequencies of about 20-60 kHz. High-field magne- 
tization was measured using the compensated-coils tech- 
nique. To estimate the thermal gradients inherent to 
the compensated-coils set-up, additional torque exper- 
iments (which also probe the magnetization, but with 
less thermal gradients) were performed at temperatures 
below 8 K. For these experiments, pulsed magnetic fields 
up to 60 T were generated by standard 6-mm and 20- 
mm inner bore magnets, with duration times of 150 and 
300 ms, respectively, at the high-field facility of the Lab- 
oratoire National des Champs Magnetiques Intenses at 
Toulouse. 
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FIG. 1: (Color online) (a) Magnetoresistivity p XtX versus the 
magnetic field H (applied along c) of sample Jl at tempera- 
tures between 1.5 K and 6.1 K (between 6.1 K and 65 K in the 
Inset), (b) Magnetoresistivity versus temperature of sample 
jjl in the magnetic fields poH = 0, 20, 30, 40 and 50 T applied 
along c. 
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3. HIGH-MAGNETIC FIELD PROPERTIES - 
(H,T) PHASE DIAGRAM 

Figure [T] presents transverse resistivity measurements 
performed on URu2Si2 (sample fll) in a high magnetic 
field H up to 60 T applied along the easy axis c, at tem- 
peratures from 1.5 K to 65 K. Several anomalies are char- 
acteristic of magnetic phase transitions at the magnetic 
fields H , H 1 , H 2 , and H 3 , and magnetic crossovers at the 
magnetic fields H p>max and Hp^ ax . These transition and 
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FIG. 2: (Color online) (a) Magnetic field-temperature phase 
diagram of URu2Si2 constructed from our high-field resistivity 
and magnetization experiments for H || c. (b) Magnetic field- 
dependence of the ratios T Pymax /To and T X:max /To, for H || c. 
(c) Comparison of the field-dependence of the Sommerfeld 
coefficient extracted from our magnetization data and that 
extracted by Levallois et a/.— from resistivity experiments 
for H || c. The blue arrow corresponds to the crossover field 
Hp^ax observed in the magnetoresistivity. 
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FIG. 3: (Color online) Comparison of p x , x (T, 0T) - 
px,x(T, 50T) and x(^) (from Sugiyama et a/.—) versus tem- 
perature. 



crossover lines are described in detail below. They are re- 
ported in the phase diagram of Figure[2](a), which agrees 
well with the phase diagrams established in smaller field 
and/or temperature ranges (up to 16 K) in Ref. flfj||24l - 
(26|. Below 5 K, three transitions are observed at /xo-Hi = 
35.1 ±0.1 K, fi H 2 = 37.4 ±0.1 T for increasing field and 
36.3±0.1 T for decreasing field, and ^i H 3 = 39.0±0.1 T, 
which arc defined at the extrema of dp XtX /dH. The state 
below Hi is labeled I and corresponds to the "low- field" 
hidden-order paramagnetic state. The state labeled II 
between Hi and H 2 and the state labeled III between 
H 2 and H 3 correspond presumably to high-ficld-induced 
canted antifcrromagnctic structures^ and the state la- 
beled IV above H 3 corresponds to the high-field polar- 
ized paramagnetic regime. Below 17.5 K, a transition 
at the magnetic field Hq, defined at the extremum of 
dpx,x/dH, corresponds to the boundary of the hidden- 
order phase. We note equivalently by Hq(T) or Tq{H) 
this transition line. Although they both delimitate the 
hidden-order phase, Hq and Hi are two different transi- 
tion lines, since they lead to different higher-field states. 
Below 40 K, a "high-temperature" maximum of p x x is 



observed at H, 



p,max • 



The decrease with T of H p ^ max is 



equivalent in the (H ,T) phase diagram to the decrease 
with H of a high-temperature crossover scale T p ^ max , 
which reaches 40 K at zero-field and vanishes in the crit- 
ical field area [35 T-39 T]. However, a maximum in the 
zero- field resistivity is observed in the bare data at 70 K, 
but not at 40 K. This can be explained by the fact that 
an electron-phonon scattering contribution p%~ x ph adds 
to the purely electronic term p x ~ x . A difficulty is to 
estimate p%~ x h {T). If we assume that, at 50 T, the 
magnetic polarization is accompanied by a quenching of 
almost all magnetic fluctuations and by a vanishing of 
p%~ x , we can approximate p x ~ x ph by p X:X (50T). Follow- 
ing this, we can estimate the purely electronic term by 
p e x - e (T,0T)=p x , x (T,0T)-p x , x (T,50T) (cf. Fig.©. The 
shift between the maximum observed in p x ~ x e (T, 0T) at 
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40 K and that observed in p x>x (T, 0T) at 70 K is due to 
the additional clectron-phonon contribution to the resis- 
tivity. The temperature scale of 40 K found in our es- 
timation of p x ~ x {T, 0T) corresponds to T p>max extracted 
from our p x _ x (H) data, indicating that they correspond 
to the same phenomenon. Fig. [3] shows a striking simi- 
larity between the general shape of p%~ x (T, 0T) and that 
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of the magnetic susceptibility x(T) (from Rcf. 
The maxima of p x ~ x e (T, 0T) at T p , max ~ 40 K and of 
X{T) at T x max ~ 55 K are thus presumably related to 
the same physical phenomenon, i.e. a crossover frontier 
between a high-temperature independent-U-ions regime 
and a low-temperature interacting-U-ions regime subject 
to intersite electronic correlations. Below 6 K, a "low- 
temperature" maximum of p x , x is observed at Hp^ lax . 
HpJna X reaches 29.3 ±0.05 T at 1.5 K and decreases with 
increasing T, its trace being lost above 6.1 K, where it 
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FIG. 4: (Color online) (a) Magnetization M versus the mag- 
netic field H (applied along c) of URu2Si2 at temperatures 
between 1.5 K and 60 K. The blue arrow corresponds to the 
crossover field Hp/^^ observed in the magnetoresistivity. (b) 
Magnetization divided by the magnetic field M / noH versus 
temperature at various magnetic fields H || c (of 5, 28, 34, 
34.5, 35, 35.5, 36.5, 37, 38.5, 39, 45, and 50 T). 



equals 26.8±0.5 T. The maximum of p x 
sociated to orbital effects, i.e., the field- induced motion 
of quasiparticles along their Fermi surface trajectories, 
and is a signature of a modification on the Fermi surface 
(see below). Hr'„ ax coincides with the field above which 
M[H) becomes non-linear at low temperature, due an 
enhancement of the magnetic fluctuations (cf. the mag- 
netization in Figure U and the extracted Sommcrfeld co- 
efficient in Figure [2] (c)). This crossover at is not 
a phase transition, and it occurs inside the hidden-order 
phase. Figure [T] (b) presents p x>x versus T at different 
magnetic fields, emphasizing that the maximum of p x ^ x 
at ff^ m ~ 30 T suddenly develops below 6 K, but also 
that p x . x is strongly magnetic field-dependent, for H || c, 
at high-temperature (at least up to 65 K). 

Figure d] (a) presents the magnetization M versus H 
at different temperatures 1.5 < T < 60 K. In agreement 
with previous studiesjiii^ clear anomalies are only ob- 
served in M(H) at Hi, H2, and H3 which correspond 
to a succession of first-order transitions between 35 and 
39 T leading to a polarized paramagnetic regime above 
39 T. M(H) reaches 1.5 /i_b/U at 45 T and continues to 
increase significantly at higher field, showing that the po- 
larization is not complete due to remaining unquenched 
magnetic fluctuations. We note that the destruction of 
the hidden-order state at Ho gives rise to a clear anomaly 
in p x , x (H) (see Figure[J), but not in M(H). Figure|H(b) 
shows M/H versus T at different magnetic fields, indi- 
cating that a change of behavior occurs in the " cascade" 
regime [35 T-39 T]. For p H < 35 T, M/H is charac- 
terized by a broad maximum at the temperature T x ^ max 
while, for pqH > 39 T, M/H decreases monotonically 
with T . T x ^ max equals ~ 50 K at 5 T and decreases with 
H before vanishing above 35 T. Between 35 T and 39 T, 
the cascade of low-temperature transitions Hi, Hi, and 
H3 leads to complex features in the M/H versus T plots. 
Above 39 T, the system becomes polarized paramagnct- 
ically, having then a strong field-induced magnetization. 
The characteristic temperature Tppm of the polarized 
regime at a given field can be defined at the onset of 
the enhanced magnetization, i.e., at the inflection point 
of the M/H versus T curve. T x . max and Tppm are re- 
ported in the phase diagram shown in Figure 0(a). From 
similar data than ours but plotted as dM/dH versus H , 
Sugiyama et alJ^ have drawn a phase diagram with an 
almost temperature-independent anomaly, observed up 
to 60 K, at 40 T. Drawing a phase diagram from M/H 
versus T plots permitted us to extract the temperature 
scales T x ^ max of the low-field regime controlled by in- 
tersite correlations and Tppm of the high-field polarized 
regime. 

The high-temperature crossover line (denoted by 
Tp^max or H p ^ max ) extracted from our resistivity mea- 
surements and the crossover line T X:Tnax defined in our 
magnetization data are surely controlled by the same 
phenomenon (as shown by the Constance of the ra- 
tio T Ptmax /T Xtmax but also by the similar temperature- 
dependences of p e ~ x e {T, 0T) and x(T) in Fig. The off- 
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set between T p ^ max and T x ^ max in Figure [2] (a) is due to 
the difficulty to define precisely the temperature or mag- 
netic field of a crossover, that is, to the non-equivalence 
of their definitions. As shown in Figured] (b), the ra- 
tios T PtTnax /To and T XtJnax /To are both constant up to 
35 T. This indicates that the vanishing of the higher- 
temperature crossover scale (either T Pimax or T x ^ max ) 
controls that of Tq. In other words, the mechanism 
responsible for the crossover at T p>rnax or T x<max is a 
precursor of the hidden-order state since its destabiliza- 
tion leads to that of the hidden order, and the high- 
temperature regime is a necessary condition for the de- 
velopment of the hidden-order state. The field-induced 
vanishing of the high-temperature crossover, which is 
the mark of intersite electronic correlations, governs thus 
both the critical area leading to a polarized regime above 
39 T and the destabilization of the hidden-order state at 
low temperature. 

Figure[2](c) presents the field-dependence of the Som- 
merfcld coefficient 7 = C v /T. where C v is the specific 

heat, estimated using the Maxwell relation: 

(~^-) =(—) (1) 

and assuming that M(T, H) = M (0, H) - f3T 2 is obeyed 
(cf. also Ref. [13 )■ Because of thermal gradients in 
our pulsed-field magnetization probe (for the fits, the 
temperature was corrected thanks to additional torque 
experiments), the variation of 7 extracted here is only 
qualitative and expressed in arbitrary units. A strong 
enhancement of 7, and thus of the effective mass to*, is 
found in a broad magnetic field window between 30 T 
and 45 T. A comparison with the if- variation of yA, 
which also probes to* assuming the validity of a Fermi 
liquid picture (where A is the quadratic coefficient of the 
resistivity from [23h ] in a frame where magnetic fluctua- 
tions dominates, shows a qualitative agreement between 
the two methods. 



4. "ORBITAL" MAGNETORESISTIVITY - 
FERMI SURFACE RECONSTRUCTIONS 

Figure [5] (a) shows a plot of the transverse magne- 
toresistivity p X)X measured for H || c and U, I || a 
on two samples noted jjl and jj2 studied here, and a 
third sample studied by Levallois et al£2- p x>x is almost 
sample-independent above 35 T, that is, in the regime 
controlled by the cascade of magnetic phase transitions 
(similar values of p x>x above 35 T have been found in 
Ref. j29ll30j ) and is characterized by a strongly sample- 
dependent maximum at 30 T. p x>x at the top of this 
anomaly is twice bigger for sample jj2 than for sample 
fll, where it is three times bigger than for the sample 
studied by Levallois et al£2- Knowing that samples jjl, 
t)2, and that studied by Levallois et al£2- have residual 
resistivity ratios p x , x (300 K)/px,x(2 K) ~ 90, 225, and 
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FIG. 5: (Color online) (a) Transverse magnetoresistivity p x<x 
versus magnetic field, for H || c, at T = 1.5 K measured 
here on samples ttl and jj2 and by Levallois et al. on a third 
sample^. The Inset shows p XjX {H) at T = 6 and 40 K for 
samples ft 1 and )J2. (b) Comparison of the transverse and lon- 
gitudinal magnetoresistivity p XtX and p Zj2 versus H of sam- 
ples |jl and [13, respectively, for H || c at T = 1.5 K. The 
Inset shows p x , x (H) and p z , z (#)at T = 4.2, 22 and 40 K. 
(c) Temperature-dependence of p x , x of samples jjl and jj2 and 
pz,z of sample jJ3, at [iqH = and 30 T, for H || c. 



40, respectively, we find that the higher the quality of 
the sample is, the bigger is the anomaly in p X)X at 30 T. 
This is compatible with the strong magnetoresistivity re- 
ported by Kasahara et al*£ at low temperature and up 
to 10 T on high-quality single crystals of URu2Si2- We 
note that a change of curvature is observed at T = 1.5 K 
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in Px.x(H) at around 20-25 T for sample jjl (and for the 
sample studied by Levallois et al££) but not for our best 
sample (sample )J2). Shishido et aL— reported a similar 
anomaly in p xx below 1 K (in a crystal of similar quality 
than sample )J2) and interpreted it as a transition driven 
by a Fermi surface reconstruction. When the temper- 
ature is increased, as shown at T = 6 K and 40 K in 
the inset of Figure [5] (a), the magnetoresistivity becomes 
almost sample-independent. 

In figures [5] (b-c), a comparison is made between the 
transverse and longitudinal magnetoresistivities p XjX and 
p z ,zi respectively, measured at 1.5 K on two samples (jjl 
and j}3) of similar qualities (p z . z (300 K)/p ZyZ (2 K) = 85 
for sample j}3) in a field H || c. In spite of a bigger noise 
(due to the smaller resistance of sample |3), p z ,z presents 
similar anomalies than p x>x at H p>max , Hq, Hi, Hi, and 
H3. At high temperature, the difference between the 
absolute values of p X}X and p z<z versus H reflects their 
different behaviors at zero- field (cf. Inset of Figure [5] (b) 
and Figure [5] (c)). At low temperature, this contribution 
to the magnetoresistivity leads to a maximum at 30 T 
in the transverse configuration, but not in the longitu- 
dinal configuration (Figure [5] (b)). This is confirmed in 
Figure [5] (c), where a sudden increase of p x>x (samples 
jjl and j}2) occurs below 6 K at p$H = 30 T, while the 
longitudinal resistivity p ZtZ (sample jj3) at p<jH = 30 T 
decreases below 6 K. In this last configuration, only a few 
temperatures have been investigated, and the 'apparent' 
sudden decrease below 6 K of p ZyZ measured at 30 T is 
related to the anomaly at To (which is reduced at 30 T 
compared to To at zero-field) but not to an orbital effect 
as in the transverse configuration. 

To be concise, the maximum of magnetoresistivity ob- 
served in a magnetic field of 30 T applied along c i) de- 
velops at low temperature (below 6 K), ii) is present in 
the transverse configuration, but not in the longitudinal 
configuration, and iii) is enhanced when the sample qual- 
ity, and thus the electronic mean free path, are higher. 
We can safely conclude that this anomaly is controlled 
by a field-induced cyclotron motion of the conduction 
electrons, that is, an orbital contribution to the mag- 
netoresistivity within the condition uj c t > 1, where uj c 
is the cyclotron frequency and r is the lifetime of the 
conduction electrons. A modification of the Fermi sur- 
face accompanied by a reduction of the carrier mobility 
p = lu c t/pqH is a natural way to explain the decrease 
of p x ^ x above 30 T. It is worthwhile to remark that an 
enhancement of critical magnetic fluctuations, as indi- 
cated by the field-dependence of the Sommcrfeld coef- 
ficient is also observed above 30 T (Figure [2] (c)). This 
underlines the strong interplay between the magnetic po- 
larization and the field-induced evolution of the Fermi 
surface in URu2Si2- In fact, recent Shubnikov-de Haas 
experiments clearly demonstrated that a new frequency 
emerges above ~ 25 T, while the Fermi surface branch a 
shrinks in volum o 21 ! 31 . Oppositely, the anomalies in p XtX 
at H p ^ max , Hq, Hi, H2, and H$, whose shape and size do 
not change with the sample quality, are independent of 
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FIG. 6: (Color online) (a) Transverse magnetoresistivity p XtX 
versus magnetic field, for H || a, at T = 1.5 K measured 
here on samples jjl and $2. (b) Transverse magnetoresis- 
tivity p XtX versus magnetic field, for H || a and at dif- 
ferent temperature between 1.5 and 65 K, of sample ))2.(c) 
Temperature-dependence of p XtX of sample J2, at the constant 
fields p H = 0, 10, 20, 30, 40 and 50 T, for H || a. 



u! c t. We can assert that the scattering off of /-electrons 
is sample-independent, since it corresponds to a scatter- 
ing of conduction electrons by the static or fluctuating 
magnetic moments from each 5/ U-ion site, the distance 
- between two ions - involved in this process being smaller 
than the distance between two impurities. 
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Figure [6] presents the magnetoresistivity p x . x of sam- 
ples jjl and jj2 in a magnetic field parallel to the hard mag- 
netic axis a, within a transverse configuration U,I _L H 
[3^ |. In Figure [5] (a), the magnetoresistivity at 1.5 K 
increases monotonically with the magnetic field, being 
almost a factor two bigger in sample (J2 than in sample 
jjl due to a higher mean free path in sample jj2. Quantum 
oscillations arc also observed for the two compounds and 
confirm their high quality (a forthcoming paper— will fo- 
cus on their analysis). Figures[S](b) and (c) show that the 
strong magnetic field-dependence of p x x under H || a is 
reduced when T is increased, which is the signature of an 
impurity-dependent signal of orbital origin, as well as the 
30-T-anomaly in p x . x under H || c. A striking feature is 
the sudden suppression of the magnetic field-dependence 
of p XlX above the hidden-order transition temperature 
To = 17.5 K when H || a. This result is compatible with 
a Fermi surface reconstruction occurring at To, with a 
strong reduction of the electronic mobility above To, as 
suggested in Ref. [IMIl7|. For H || a (Fig. M (c)), 
a sudden change of the -ff-dependence of p x , x , due to a 
modification of the orbital term, is easily observed below 
T since there is no additional variation with H of p x ,x 
driven by field-induced magnetic properties. For H || c 
(Fig. [1] (b)), the situation is different: there is a signif- 
icant variation with H of p x>x at all temperatures (up 
to 65 K here) due to a field-induced modification of the 
magnetic properties. This magnetic contribution adds to 
the orbital contribution to p x , x , and we cannot determine 
precisely the temperature below which the orbital contri- 
bution develops. At high-temperature (T > T x _ max ), the 
magnetic field quenches the scattering of conduction elec- 
trons on /-electrons moments through a negative slope 
of the magnetoresistivity versus field, with an amplitude 
which depends on the size of the magnetization. This 
effect is strong for H along the easy magnetization axis 
c and very small for H along the hard axis a. 



5. DISCUSSION 

In URU2S12, the magnetic-field dependences of T x _ rnax 
and Tppm (Figure [2] (a)), as well as the plots of M/H 
versus T (Figured] (b)), recall strongly the case of the 
heavy- fermion paramagnet CeRu2Si2 28||34 |. which is 
characterized by a pseudo-metamagnetic transition to 
a polarized state at H m = 7.8 T. As already shown 
in Ref. [35|, a correspondence 1 K H 1 T relates the 
maximum of susceptibility T x ^ max to the critical mag- 
netic field H* of several heavy-fermion systems (includ- 
ing URu 2 Si 2 , for which H* = 35 - 39 T, and CeRu 2 Si 2 , 
for which H* = H m = 7.8 T cf. Table U, suggest- 



ing that both T x ^ max and H* are controlled by a sin- 
gle magnetic energy scale. In CeRu2Si2, T X)Tnax and H m 
are controlled by antiferromagnetic fluctuations at the 
wavevector k x = (0.31,0,0), since i) antiferromagnetic 
fluctuations at kx vanish at H m [36j j and ii) their energy 
scale, that is, the low-temperature quasielastic linewidth 



Ti = 10 K USUI, is also equal to T Xtinax [HI (cf. Tabic 
H]). The regime below T x max in URu2Si2 is probably re- 
lated to the onset of intersite magnetic correlations too. 
Correlations in URu2Si2 might be more complex than in 
CeRu2Si2 due to the possible interplay between multi- 
polar interactions and the crystal field^. However, it is 
known that above To antiferromagnetic fluctuations at 
Qi have a linewidth Ti ~ 50 K ~ T x _ rnax (with a gap 
of ~ 25 K)fi^ which recalls the CeRu2Si2 case. It is 
suspected that the large damping at high temperature 
prevents the detection of the low-energy gap Ao at Qo, 
which appears below To as a sharp resonance. Below To, 
the case of URu2Si2 is undoubtedly more complex than 
the CeRu2Si2 case, since the linewidth at Qi is signifi- 
cantly reduced, being accompanied by a strong modifi- 
cation of the electronic density of states. Extrapolation 
of neutron data measured up to 20 T [42[ indicates that, 
at low-temperature, the destruction of hidden-order at 
35 T might occur when the gaps Ai and Ao in the ex- 
citation spectra at Qi and Qo, respectively, converge to 
a common value. This is compatible with a loss of dis- 
persion, that is, with a loss of wavevector-dependent an- 
tiferromagnetic correlations above 35 T. Alternatively, 
T x .max in URii2Si2 could be controlled by intersite cor- 
relations between high-order multipoles, such as the hex- 
adecapoles (instead of the dipole moments) which, in the 
model proposed by Kusunose and Harima^, would or- 
der in the hidden-order state. For both URu2Si2 and 
CcRu2Si2, a change from intersite multipolar (bipolar or 
of a higher-order) interactions to a high-field polarized 
paramagnetic regime occurs when the magnetic polar- 
ization reaches 0.5 /We/ion. Sweeping a magnetic field 
along c initiates a ferromagnetic coupling which becomes 
dominant when the pseudo-gap built by the intersite cor- 
relations is closed, which coincides with the collapse of 
T Xym ax- As in CeRu2Si2 [H|, the field-induced enhance- 
ment of m* in URu2Si2 might be related to critical fer- 
romagnetic fluctuations, a switch occurring from a small 
Fermi surface in the hidden-order state to a large Fermi 
surface in the polarized regime. Instead of a well-defined 
quantum critical point, there are several indications for a 
quantum critical area between 35 and 39 T in URu2Si2: 
i) the field-temperature phase diagram is made of a low- 
field regime, whose characteristic temperature T x ^ max 
vanishes at 35 T, and of a polarized paramagnetic regime 
above 39 T, ii) the effective mass is enhanced in a wide 
regime between 35 and 40 T, indicating enhanced and 
thus critical magnetic fluctuations, and iii) the suscepti- 
bility at 37 T looks similar to that of usual quantum crit- 
ical systems. A singularity of URu2Si2 is that, instead of 
a unique second-order phase transition at a given critical 
field, its low-temperature phase diagram is made of a cas- 
cade between 35 and 39 T of three first-order transitions 
at Hi, H2, and H3, with an additional sharp crossover 
at Hp ^ax — 30 T within the hidden-order phase. 

The observation by optical spectroscopy of a hybridiza- 
tion gap above To Jig] might be directly linked to the 
development of intersite correlations below the high- 
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TABLE I: Critical magnetic field, maximum of the magnetic 
susceptibility, and energy scale of the antiferromagnetic cor- 
relations in CeRu 2 Si 2 and URu 2 Si 2 [IHHlililllilSl ■ 





H* 




Antiferromagnetic linewidth 


CeRu 2 Si 2 


7.8 T 


10 K 


r(ki,T-»0) = 10 K 


URu 2 Si 2 


35-39 T 


55 K 


r(Q 1) T>T ) = 50K 



temperature scale T Xiinax or T p _ rnax determined here. 
Despite an anomalous Fermi-liquid behavior reported 
above To by spectroscopy in [47T | , the situation above To 
is already well-understood by macroscopic experiments. 
Without the establishment of hidden-order, the specific 
heat divided by the temperature C p /T in URu2Si2 is ex- 
pected to behave similarly than in usual intermediate- 
valcnt systems, such as CeSn3, with a broad maximum 
at around 30 K [48| . Derivation of the Griineisen param- 
eter fix clearly shows that a constant value close to 40 
will be achieved only at very low temperature, while VLt 
reaches values close to 18 at To and close to 5 at T x , max . 
A true Fermi liquid behavior is a regime controlled by a 
single energy scale and where the Griineisen parameter is 
temperature-independent. No Fermi- liquid behavior can 
thus be achieved above To, where a competition occurs 
between the different energy scales of the system, and 
it is not surprising that forcing a Fermi liquid analysis 
above To, as done in 47J, leads to strong deviations from 
a Fermi liquid description. 

The specificity of URu2Si2 is that the Fermi surface re- 
construction at T) leads to different Fermi surface bands 
whose characteristic bandwidths are rather low, due to 
the combined effects of low-carrier densities and high ef- 
fective masses. Applying a magnetic field permits to 
decouple the minority and majority spin bands. Con- 
sidering the complex Fermi surface of URu2Si2, exotic 
phenomena such as a cascade of Lifshitz transitions may 
occur. At very low temperature (T ~ 50 mK), marks of 
changes in the magnctorcsistivity regime were detected 
already at 8 T [4{|, as well as new de Haas - van Alphen 
frequencies near 21 T [2(j, in the window 21-25 T [H|, 
and in the field ranges 17-24 T, 24-29.4 T, and 29-34.7 T 
[2~J ] . Deep extrema in the thermoelectric power were also 
detected at 10 and 24 T (50|. We note that, up to 30 T, 
these changes occur in a linear-field magnetization regime 
where no sign of phase transition has also been reported 
in the specific heat yet. 

As for Ce-bascd hcavy-fermion compounds^ the 
temperature- and magnetic field-properties of URu2Si2 
are governed by the interplay of several electronic en- 
ergy scales. This interplay is illustrated by a strong 
temperature-dependence of the electronic Griineisen pa- 
rameter, which often reaches a constant value only at 
very low temperature, corresponding then to the entrance 
into a Fermi liquid state. The key ingredients are the 
Kondo temperature Tk associated with the renormal- 
ized bandwidth, the intersitc coupling E^j between /- 



electron moments, and the crystal-field energy Acf- In 
many heavy-fermion systems, UbTk, Eij, and Acf are 
comparable, leading to mixed spin and valence fluctu- 
ations. CeCu2Si2 and CeRu2Si2 are two cases where 
spin and valence fluctuations are well-decoupled, since 
the hierarchy Acf > ksTx > Ei.j is well-defined and 
their quantum instability occurs for a well-defined dou- 
blet ground stated Exotic situations can occur as in 
Cei-^LazBg, where the crystal-field ground-state is a 
quartet leading to octupole orderi 51 ' 52 The interplay be- 
tween the Kondo effect and intersite interactions gen- 
erally leads to a pseudo-gap structure in the density of 
states. By comparison with Ce-based heavy-fermion sys- 
tems, the novelties of URu2Si2 are i) that valence fluc- 
tuations occur between two configurations 5/ 2 and 5/ 3 , 
which both carry a large momentum at high tempera- 
ture and ii) that a renormalization to a 5/ 2 -like config- 
uration would lead to a singlet ground-stated Concern- 
ing the valence fluctuations, the situation of URu2Si2 
[53( 1 might be comparable to that of TmSe where, de- 
spite a valence close to 2.5, long-range ordering occurs 
and is associated with a metal-insulator transition, the 
Tm-ions being renormalizcd to a Tm 2+ state driving the 
system to an insulating antiferromagnetic phased As- 
suming that Acf is comparable to fc^T^, Haule and 
Kotliar— find a 5/ 2 ground state favoring multipolar or- 
dering, as in Pr 3+ 4/ 2 skutterudite systems! 55 ' 56 In fact, 
the arrested Kondo model developed in [4(1 and the mul- 
tipolar ordering scenario proposed in 43.57] both assume 
that the ground state is governed by the properties of 
the 5/ 2 configuration, even if the 5/ electrons are itin- 
erant. Within these scenario o 40 ' 43 ' 57 , a magnetic field 
would modify the order parameter via the modification 
of the fundamental ground-state and thus of the possible 
multipolar couplings. This might be compatible with the 
deep Fermi surface reconstructions established by quan- 
tum oscillations coupled to band structure modeling ) 18 i 49 
ARPES ) 15 ' 17 ' 53 and scanning tunneling microscop y 58 ' 59 
New core spectroscopy experiments^ led to the proposal 
that the valence of URu2Si2 may be close to 3, in rather 
good agreement with a theoretical model recently devel- 
oped by Ikeda et alS^ which predicts a valence of 2.7. In 
this last approach the hidden-order is considered to be a 
dotriacontopolc (rank five) and the possibility of different 
channels for the ground state (whatever is the valence) 
is the mark of strong local properties of the 5/ electrons. 

The dual nature of the /-electrons is at the heart of 
the heavy-fermion problem, where the hybridization of / 
and conducting electrons affects both the magnetic prop- 
erties of the f-electrons (reduced magnetic energy scales, 
damped magnetic fluctuations, etc.) and the conduct- 
ing properties of the itinerant bands (renormalization of 
the Fermi surface, etc.). As a result, the /-electrons of- 
ten have both a localized character (density of /-electron 
per site close to 1, well-defined spin waves and crystal- 
field levels, magnetic entropy close to i?ln2 etc.) and 
an itinerant character (contribution to the Fermi sur- 
face, Fermi liquid behavior, nesting wavevectors, etc.). 
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The case of URu2Si2 is complex, since both magnetic 
and Fermi surface properties are strongly modified in 
the hidden-order phase: i) at To, modifications of the 
magnetic fluctuations spectra have been probed by in- 
elastic neutron scattering (34) while a Fermi surface re- 
construction has been probed by magnetoresistivity, Hall 
effect,- 1 ^. Nernst effect,- 1 ^ and ARPES,- 1 ^ ii) a mag- 
netic crossover at 40-50 K is found here to be a precur- 
sor of the hidden-order state, since its vanishing leads to 
the critical area at 35-39 T and drives to the destruc- 
tion of the hidden order, and iii) in a magnetic field 
H || c, a sharp crossover at 30 T is related to a Fermi 
surface evolution, which occurs when the effective mass 
(dressed by field-induced ferromagnetic fluctuations) be- 
comes enhanced. Interplay of the /-electrons magnetic 
properties with that of the Fermi surface has been re- 
ported in other U-based compounds, such as the ferro- 
magnetic superconductors UGe2, URhGc, and UCoGe 
where the switch from the paramagnetic to the ferromag- 
netic phases induces a strong change of the Fermi surface 
topology (see Refs. for UGe2, [§2[ for URhGe, and 
[ofril ] for UCoGe). The novelty in U-based intermetal- 
lic compounds is that the 5/ bands are already quite 
close to the Fermi level and that they are very flat»£ 
Small changes in the Fermi level are expected to gen- 
erate drastic changes of the Fermi surface, as observed 
here for URu2Si2 via the strong modifications at To or 
in a high magnetic field of 30 T applied along c of the 
orbital contribution to the magnetoresistivity. An appro- 
priate description of the dual "localized-itinerant" nature 
of the /-electrons in URu 2 Si2 should enable a global un- 
derstanding of the interplay between the magnetic and 
Fermi surface properties, which could be a key to solve 
the hidden-order problem. 

6. CONCLUSION 

To conclude, we have performed a systematic inves- 
tigation per magnetoresistivity and magnetization of 
high-quality URu2Si2 single crystals in pulsed magnetic 



fields up to 60 T and temperatures between 1.5 and 
65 K. We have drawn the magnetic-field-temperature 
phase diagram of the system for H || c, in extended 
scales going up to 60 T and 60 K. A high-temperature 
crossover probed by magnetoresistivity at T p _ max ~ 40 K 
and by magnetization at T x>max ~ 55 K (at zero-field) 
is related to the onset of intersite electronic correlations 
and is found to be a precursor of the "hidden-order" 
phase (which develops below To = 17.5 K at H = 0). 
In a magnetic field applied along c, the vanishing of the 
crossover temperature T p ^ max or T x>max is responsible i) 
for the critical area developing at [35 T-39 T] and ii) for 
the destabilization of the hidden-order state, a polarized 
regime being reached above 39 T. Magnetoresistivity 
measurements on three high-quality single crystals were 
performed in magnetic fields applied along the hard 
axis a and the easy-axis c, for both transverse and 
longitudinal configurations. A sample-dependent orbital 
contribution to the magnetoresistivity confirmed that 
a Fermi surface reconstruction occurs at the hidden- 
order temperature To, but also that the Fermi surface 
is modified in a field of 30 T applied along c. The 
interplay between the magnetic properties and that of 
the Fermi surface has been emphasized, as well as the 
necessity to use a dual "localized-itinerant" description 
of the /-electrons for a future understanding of the 
hidden-order in URu2Si2. 
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